BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Mutations Proximal to Sites of Autoproteolysis and the a-Helix That
Co-evolve under Drug Pressure Modulate the Autoprocessing and

Vitality of HIV-1 Protease

John M. Louis,* Lalit Deshmukh, Jane M. Sayer, Annie Aniana, and G. Marius Clore

Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health,
Department of Health and Human Services, Bethesda, Maryland 20892, United States

© Supporting Information

ABSTRACT: N-Terminal self-cleavage (autoprocessing) of
the HIV-1 protease precursor is crucial for liberating the active
dimer. Under drug pressure, evolving mutations are predicted
to modulate autoprocessing, and the reduced catalytic activity
of the mature protease (PR) is likely compensated by
enhanced conformational/dimer stability and reduced suscept-
ibility to self-degradation (autoproteolysis). One such highly
evolved, multidrug resistant protease, PR20, bears 19
mutations contiguous to sites of autoproteolysis in retroviral
proteases, namely clusters 1—3 comprising residues 30—37,
60—67, and 88—95, respectively, accounting for 11 of the 19
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mutations. By systematically replacing corresponding clusters in PR with those of PR20, and vice versa, we assess their influence
on the properties mentioned above and observe no strict correlation. A 10—35-fold decrease in the cleavage efficiency of peptide
substrates by PR20, relative to PR, is reflected by an only ~4-fold decrease in the rate of Gag processing with no change in
cleavage order. Importantly, optimal N-terminal autoprocessing requires all 19 PR20 mutations as evaluated in vitro using the
model precursor TFR-PR20 in which PR is flanked by the transframe region. Substituting PR20 cluster 3 into TFR-PR (TFR-
PRP®2%?) requires the presence of PR20 cluster 1 and/or 2 for autoprocessing. In accordance, substituting PR clusters 1 and 2
into TFR-PR20 affects the rate of autoprocessing more drastically (>300-fold) compared to that of TFR-PR****3 because of the
cumulative effect of eight noncluster mutations present in TFR-PR20™™ 2. Overall, these studies imply that drug resistance
involves a complex synchronized selection of mutations modulating all of the properties mentioned above governing PR

regulation and function.

he human immunodeficiency virus type 1 protease (HIV-

1 PR) mediates the processing of the Gag and Gag-Pol
polyproteins into mature structural and functional proteins
essential for assembly and maturation into infective progeny
virus.'~* The HIV-1 genome encodes a single copy of the 99-
amino acid protease. PR is translated in the pol open-reading
frame and catalyzes its own release at its termini (autoprocess-
ing) from the Gag-Pol polyprotein via transient dimerization
(Figure 1A).'~® Each subunit of the dimer contributes one of
the two active-site Asp2S residues. Cleavage between the
transframe region (TFR) and N-terminus of PR (TFR/PR site)
is concomitant with the appearance of mature-like catalytic
activity and stable dimer formation (Kyn., < 10 nM) and
precedes the cleavage at the C-terminus of the protease.” These
results are consistent with studies showing that HIV-1 particles
from four different strains obtained from different cell lines
contain only the 11 kDa mature protease and no TFR-PR
precursor.5 Further, a mutation at the TFR/PR cleavage site
leads to the production of an N-terminally extended 17 kDa
protease species, resulting in a severe defect in Gag polyprotein
processing and a complete loss of viral infectivity.’
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The active site of the mature PR dimer has been the subject
of intervention strategies for almost 25 years since its discovery,
and clinical protease inhibitors form a crucial part of
combination antiretroviral therapy. However, the short
replication cycle (1.2 days’) of HIV-1, together with the
error-prone reverse transcriptase, contributes to the rapidly
evolving selection of mutations in PR leading to drug
resistance. Major and accessory mutations involving 37 of the
99 PR residues contribute resistance to clinical protease
inhibitors in current use by several mechanisms.”’ Selection
of primary drug resistance mutations under drug pressure can
result in structural changes that may compromise autoprocess-
ing and the catalytic efficiency of the released mature PR.">*
These adverse effects are likely to be offset by accessory
mutations,"”"" which do not directly affect interactions with
protease inhibitors but restore conformational/dimer stability
and catalytic function. For example, drug resistance mutation
I84V in mature PR decreases the melting temperature (T},), a
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Cluster 1 2 3
C
Construct Cluster Non-cluster
mutations mutations
PR none none
PRPR20-123 11 none
RPR20-1 6 none
PRPR20-2 2 none
PRPR20-3 3 none
PR20 11 8
PR20PR-123 none 8
PR20PR-1 5 8
PR20PR-2 9 8
PR20PR-3 8 8
PR20PR-12 3 8

Figure 1. (A) Domain organization of the HIV-1 Gag-Pol polyprotein. Abbreviations: MA, matrix; CA, capsid; SP1, spacer peptide 1; NC,
nucleocapsid; TFR, transframe region; PR, protease; RT, reverse transcriptase; RN, ribonuclease; IN, integrase. (B) Sequence alignment of wild-type
protease, pseudo-wild-type protease (PR), and the multidrug resistant variant PR20. PR bears mutations Q7K, L33, L63], C66A, and C95A (colored
black and underlined) to restrict autoproteolysis at sites indicated by green arrows and avoid cysteine-thiol oxidation. Introduced mutations common
to PR and PR20 are Q7K, C67A, and C9SA. The 19 mutations, both naturally occurring and selected under drug pressure, in PR20 are colored blue.
Dots denote identical residues. Highly conserved regions in PR** are highlighted in yellow, and regions where major drug resistance mutations
(indicted by red asterisks; http:/hivdb.stanford.edu/cgi-bin/PIResiNote.cgi and ref 31) occur are highlighted in gray. The three clusters that contain
mutations in PR20 next to sites of autoproteolysis in the wild type are indicated by red stripes. (C) List of PR, PR20, and derived mutants showing
the number of cluster and noncluster mutations. (D) Superimposition of ribbon representations of PR20 in blue (PDB entry 3UCB) and PR in
white (PDB entry 2IEN) bound to the inhibitor darunavir (stick representation) with the regions corresponding to the three clusters colored red as
well as indicated by the red arrows corresponding to red stripes in panel B. Positions of mutations in cluster 1 (residues 30—37), cluster 2 (residues
60—67), and cluster 3 (residues 88—94) are labeled in white on red circles. The remaining eight of 19 mutations in PR20 are shown in white on
black circles. Sites of autoproteolysis are denoted by the green arrows.

measure of the stability of the tertiary fold, by ~2.8 °C.
Mutations L10I and A71V individually restore the T, of the
184V mutant to that of the wild type, and the L63P/I84V
mutant exhibits a T}, slightly higher than that of the wild type."”
Combinations of drug resistance mutations with side-chain
positions in the mature enzyme that are relatively close
spatially, such as the frequently occurring pair D30N and
N88D, may provide stabilization through polar or electrostatic
interactions.”” The general consensus points to evolving
resistance mutations proximal and remote from the active site
and flaps that act synergistically by influencing the structure and
dynamics of the protease and its affinity for clinical
inhibitors."*~'® Co-evolving mutations under drug pressure
spanning protease cleavage sites of the Gag have also been
reported to offset the reduced catalytic activity of drug resistant
mutants and contribute to fitness recovery.'’ " Statistical
methods have been developed to identify selection pressure by
protease inhibitors for specific mutations in PR, and for
evaluating the effect of mutations at one site on selection of

mutations at other sites.”””' In addition, exponentially growing

databases in recent years have led to the development of
machine learning and computational methods for the
evaluation and optimization of combination antiretroviral
therapy, with respect to virological outcomes in HIV-1-infected
patients.22 However, to the best of our knowledge, molecular
mechanisms of drug resistance pertaining to autoprocessing, a
pivotal step in PR regulation, have not been thoroughly
explored.

We recently characterized an extreme multidrug resistant
clinical isolate of PR, termed PR20,*"%° bearing 19 mutations.
Relative to PR, mature PR20 has a similar catalytic constant
(kea), an ~13-fold higher K, for the hydrolysis of a peptide
substrate, and an affinity for the clinical protease inhibitors
darunavir and saquinavir decreased by >3 orders of magnitude.
Even though the mature PR20 dissociates (Kgyner ~ 30 nM)
more readily than PR, the T, of PR20 is 6 °C higher than that
of PR. A crystal structure of PR20 with water-coordinated
yttrium in the active site showed that PR20 has an expanded
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active site and wide-open flaps, instead of the usual closed
conformation observed for PR.*® In spite of these differences,
the precursor form of this variant, TFR-PR20, undergoes
efficient autoprocessing”® even in the presence of >150 uM
darunavir or saquinavir, which otherwise completely inhibits the
autoprocessing of the TFR-PR precursor at concentrations of
1-3 uM. Another characteristic feature of PR20 is its resistance
to self-degradation (autoproteolysis). We proposed that
mutations at or near these sites, which significantly limit
autoproteolysis, can prolong the lifetime of mature PR20,
thereby compensating for its reduced catalytic activity during
the viral replication cycle.*®

In earlier studies, we had shown that inhibition of
autoprocessing of TFR-PR20 by darunavir or saquinavir
could not be restored by substituting either one or two specific
drug resistance mutations at various positions by the
corresponding wild-type residue(s).”* As PR20 represents a
highly evolved drug resistant mutant, it provides a template for
investigating the interrelationship of groups of contiguous
mutations in different regions accounting for properties of the
mature PR as well as autoprocessing of its precursor. Major
drug resistance mutations in PR occur (Figure 1B, gray
highlight) between regions of natural variation (no highlight)
and a high degree of conservation (yellow highlight) that are
indispensable for optimal folding and catalytic activity. Two
clusters of mutations in PR20 flank these regions. Cluster 1 is
adjacent to the active site, and cluster 3 is located in the single
a-helix following highly conserved residues G86 and R87
(Figure 1B,C).””” Specific residues (D29 and R87) contiguous
to these two clusters, together with RS8, stabilize inter- and
intrasubunit contacts as well as the C-terminal -sheet interface,
critical for dimer formation (see Figure 1C).** Surface-exposed
residues in cluster 2 may influence folding due to the L63P
substitution that coselects with the I84V drug resistance
mutation, leading to enhanced conformational stability."”
Coincidentally, each of these clusters spans a site of
autoproteolysis in PR (green arrows in Figure 1B,D), such
that 11 of the 19 mutations in PR20 occur vicinal to these sites,
cluster 3 site being the least susceptible to autoproteolysis in
HIV-1 grou3p M PR as compared to proteases from group N>
and HIV-2.”" Interestingly, no major drug resistance mutations
in PR20 are contiguous to the major site of autoproteolysis in
PR between LS and W6. Four individual substitutions, D30N,
V321, and L33F/I/V in cluster 1 and N88D/S/T/G and L90OM
in cluster 3, are known drug resistance mutations (http:/hivdb.
stanford.edu/cgi-bin/PIResiNote.cgi and ref 31).

Here we address the effects of clustered drug resistance
mutations on a comprehensive set of properties, for the first
time, such as the dimer dissociation constant (Kj;..), kinetic
parameters (k./K,, and K;), thermal stability in the absence
and presence of protease inhibitor, Gag processing, autopro-
teolysis, and autoprocessing governing PR function. Initially, we
substituted all PR20 clusters (or cassettes) into PR and its
precursor mimetic and, conversely, all PR clusters into PR20
and its corresponding precursor and examined the effect of
these mutations on the mature protease. Kinetic parameters of
PR-mediated hydrolysis of synthetic substrates were compared
with the rate and order of Gag processing. Subsequently,
constructs bearing either single or dual cassette substitutions
were examined to further elucidate the role of cooperativity
among the clusters in promoting autoprocessing and to
determine whether the rate of autoprocessing correlates with
specific properties of the corresponding mature proteases.
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B MATERIALS AND METHODS

Protease Constructs. Wild-type, pseudo-wild-type
(PR2’32) , and PR20 sequences are shown in Figure 1. Precursor
constructs with the N-terminal transframe region (TFR, 56
residues) are designated as TFR-PR and TFR-PR20 (Figure 1).
The TFR sequence is identical in both constructs. Constructs
modified by substitution of all PR20 clusters into the PR
template (Figure 1B,C) are termed PR"™2%'3 and TFR-
PRPR20123 When substituted with only one or two clusters,
they are denoted with the corresponding cluster designation.
Constructs bearing PR clusters in the PR20 template are
designated similarly.

Expression and Purification. Previously reported con-
structs used in this study are PR,** PR20,%*** TFR-PR,* and
TFR-PR20.”* The rest of the constructs were used for the first
time. Inserts encoding some mutant precursors as well as the
corresponding mature proteases were custom synthesized
(DNA 2.0, Menlo Park, CA), cloned either in the pJ414 vector
or in the pET11a vector flanked by Ndel and BamHI sites, and
transformed into Escherichia coli BL-21(DE3). Substitution
mutations in some constructs were introduced by QuikChange
mutagenesis (Agilent Technologies, Santa Clara, CA). Cells
bearing the appropriate plasmid were grown at 37 °C in Luria-
Bertani medium. Total cell extracts were mixed with sample
loading buffer and subjected to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) on 20%
homogeneous PhastGels (GE Healthcare, Piscataway, NJ).
Induction for protein expression, isolation of inclusion bodies,
and protein purification followed previously described proto-
cols.”*” The composition of purified proteins was verified by
electrospray ionization mass spectrometry (ESI-MS). Uni-
formly N-labeled or *N- and "*C-labeled mature PR and
PR20"™" were prepared by growing cultures in M9 minimal
medium containing "NH,CI and [®Cg]glucose as the sole
nitrogen and carbon sources, respectively.

Time Course of Autoproteolysis. and
PR20%'* were folded at room temperature by the quench
protocol as described previously®® to give a final concentration
of 0.7 uM in 50 mM sodium acetate buffer (pH 5.0) (buffer A).
Activity was measured as a function of time for 0—96 h by
assaying aliquots of the reaction mixture in S0 mM sodium
acetate (pH S5.0) containing 250 mM sodium chloride (buffer
B) at an enzyme concentration of 0.6 yM and 400 uM
chromogenic substrate [Lys-Ala-Arg-Val-Nle-[4-nitrophenylala-
nine]-Glu-Ala-Nle-NH, (California Peptide Research, Napa,
CA)J** in a total volume of 120 uL. Autoproteolysis was also
monitored by SDS—PAGE under the same conditions at final
concentrations of 12—1S5 uM. Aliquots (10 puL) were
withdrawn at the specified times, mixed with 4 yL of sample
loading buffer to terminate the reaction, and subjected to
electrophoresis on 20% homogeneous PhastGels (GE Health-
care) using 6 lane X 4 L applicators. Gels were stained with
PhastGel Blue R, destained, and digitized.

Dimer Dissociation Constant (Kg..) and Kinetic
Parameters (K, and k). Protease activity was assayed in
buffer B at 28 °C by following the decrease in absorbance at
310 nm upon cleavage of chromogenic substrate (Ae = 1797
Abs M cm™). Assays were conducted at varying protein
concentrations and curve fitted using a previously described
equation to determine Kdimer.z9 Kinetic parameters for substrate
cleavage were measured at enzyme concentrations from 0.3 to
0.5 uM. When possible, K, and k_, were estimated by fitting
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Figure 2. Time course of autoproteolysis of PR***'2* and PR20"*'*, Hydrolysis of the chromogenic substrate in 50 mM sodium acetate (pH 5.0)
containing 250 mM sodium chloride as a function of time of incubation of (A) PR™2%!% and (B) PR20"*'? at room temperature (in hours, prior to
assaying). Aliquots of (C) PRP®2%!2 and (D) PR20"®'* were withdrawn at the indicated times, mixed with gel loading buffer, subjected to SDS—
PAGE, and stained. For comparison with parent constructs, PR and PR20, see Figure SI.

the data to the Michaelis—Menten equation using the Enzyme
Kinetics module of SigmaPlot 10.0 (Systat Software Inc.).
When the apparent K, was too high to permit accurate
determination, the catalytic efficiency (k../K,,) was approxi-
mated by the initial slope of rate versus substrate concentration
under first-order conditions.

Gag Processing. Assays (100 uL) for monitoring the order
and rate of cleavage of AGag, a truncated Gag construct
spanning the matrix, capsid, SP1, and nucleocapsid domains,
were conducted as described previously.”> AGag (50 #M) in 20
mM sodium phosphate (pH 6.5), 300 mM NaCl, 0.1 mM
ZnCl,, and 1 mM tris(2-carboxyethyl)phosphine was mixed
with the appropriate protease to give a final concentration of
either 0.5 uM PR or 1 M PR20, PRP®%123 3nd PR20PR!23 at
room temperature. Aliquots (5 yL) were drawn at the indicated
times and mixed with 48 L of the assay buffer described above
and 50 pL of 2X SDS—PAGE sample loading buffer, and 5 yL
of this mixture was subjected to electrophoresis on 18% Tris-
glycine gels (Life Technologies, Grand Island, NY).

Inhibitor Binding. Inhibition (dissociation) constants (K;)
for the binding of inhibitors to PRP**123, pPRPR201 pRoQPR123)
and PR20"*' were measured using a MicroCal iTC,
microcalorimeter (GE Healthcare). The enzyme (~2 mg/mL
in 12 mM HCI) was folded™ to give a final concentration of
~14 yuM as dimer in 350 uL of buffer A. Samples were titrated
with 120 yM darunavir or saquinavir in the same buffer at 28
°C. PR20""'?* was titrated with 80 uM reduced peptide bond
inhibitor [H-Arg-Val-Leu-()-Phe-Glu-Ala-Nle-NH,, where ()
denotes the reduced peptide bond (Bachem Americas, Inc.,
Torrance, CA)]. Data were analyzed using the instrument’s
Origin software. Titration of PR20 or PR™%'* with reduced
peptide bond inhibitor, and PR20"*'** with saquinavir, did not
give adequate thermal responses.

When K; values could not be accurately measured by ITC,
kinetic methods were used. Values of K; for the binding of
reduced peptide bond inhibitor to PR20 and PR"®**'% were
determined in buffer B by use of Dixon plots®® of 1/(initial
rate) versus inhibitor concentration at two or three substrate

5417

concentrations. Because tight binding to the enzyme at low
inhibitor concentrations depletes the free inhibitor, ICs, values
were determined by fitting the quadratic Morrison equation®”**
to data (typical plots shown in Figure SS) relating initial rates
to the added concentration of darunavir (with PRFR23)
saquinavir (with PR20"*'?%), or reduced peptide bond inhibitor
(with PRPR2OL PRPR203 and PR20P®!). The K, was calculated
from the ICy, values using the equation

K, =1ICg,/(1 + [substrate] /K,,)

Differential Scanning Calorimetry (DSC). Proteins were
freshly folded to give a final dimer concentration of ~14 yM in
buffer A.*>> For experiments in the presence of inhibitors, a 2-
fold molar excess of inhibitor relative to protease dimer
concentration was added during folding. DSC scans were
performed at a rate of 90 °C/h using a MicroCal VP-DSC
microcalorimeter (GE Healthcare) as previously described.”
T, values were determined by curve fitting using the
instrument’s Origin software or from the maxima of the
thermal transition peaks.

Autoprocessing of Protease Precursor Constructs.
Precursor proteins were expressed in the presence of a protease
inhibitor to facilitate their accumulation and purified as
described previously.”* The time course of in vitro autoprocess-
ing of purified precursor proteins was determined by diluting
the stock solution (typically 2 mg/mL) maintained in 12 mM
HCI with 2.3 volumes of S mM sodium acetate buffer (pH 6)
either with or without inhibitor, followed immediately by the
addition of 3.3 volumes of 100 mM acetate buffer (pH $).
Aliquots (10 L) were drawn at the indicated times, mixed with
4 pL of sample loading buffer, and subjected to SDS—PAGE on
PhastGels as described above.

Nuclear Magnetic Resonance (NMR) Experiments.
Two-dimensional 'H—'N transverse relaxation optimized
(TROSY) correlation spectra were recorded at 20 °C on
uniformly '*N-labeled or N- and "*C-labeled samples at a
protein concentration of ~14 4M in 20 mM sodium phosphate
buffer (pH S.7) using a 600 MHz Bruker Avance spectrometer
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Table 1. Properties of PR, PR20, and Selected Cluster Mutants

PR PRPR20-123 PRPRZO-I PRPR20—3 PR20 PRZOPR-IB PRZOPR-l
~Kgimer (UM) <0.005 0.17 0.53 0.67 0.029" 0.13 0.031
T,, (°C) (DSC)
no inhibitor 65.7° 66.5 71.7% 61.8
AT,, (with darunavir) 22.4° 115 53" 16.6
AT,, (with saquinavir) 19.39 8.1 29 >11
kinetic parameters
K, (uM) 48 + 3¢ >1000 >1071 124 + 16 617 + 84" 180 + 26 220 + 30
ke (min™t) 174 + 3° >450 213 + 123 118 + 5 215 + 19° 234 + 15 112 +7
kep/Ky (uM™' min™") 3.63 + 0.29° 0.27 + 0.01 0.16 + 0.07 0.95 + 0.15 0.35 + 0.08 1.3 + 027 0.51 + 0.1
inhibition constant K, (nM)
darunavir <00t 5+ 2.17¢ 34.8 + 9.7'¢ <M 41 + 10° 10 + 32'TC 16 + 417¢
saquinavir 0.28 + 0.02% 34 + 12¢ 930 + 93" 50 + 25M
reduced peptide bond inhibitor 54 + 22° 1050 + S0° >300M 10.8 + 3.6™ 811 + 52° 48 + 24'¢ 50 + 14M
vitality
darunavir 1 37 133 26 395 358 225
saquinavir 1 9 64 320
Gag processingh 1 ~0.125 ~0.25 ~0.17

“From ref 32. “From ref 24. “From ref 39. “From ref 36. “From ref 47./From refs 49 and 50. $From ref 51. *This value represents the approximate
rate of processing relative to that of PR. References to published data are cited for comparison only; all other data are reported here for the first time.
K, values determined by ITC (1/K,ocation) and by kinetics using Morrison (™) and Dixon (°) plots are indicated.

equipped with a triple-resonance z-axis gradient cryogenic
probe.

B RESULTS

Rationale and Construct Definition. The 19 drug
resistance mutations in PR20 are grouped as clusters (1—3),
based on their proximity to sites of autoproteoysis, and
nonclusters (Figure 1B). This grouping permits substituting the
clusters of the opposite template, namely PR20, into the PR
template or vice versa either individually or in combination to
assess the role of cooperativity in defining the various
properties of the protease precursor and the corresponding
mature enzyme. Each construct is named on the basis of the
cluster with which it is substituted (shown in superscript); for
example, PR™?'23 denotes the construct bearing PR20 clusters
1-3 in the PR template. Therefore, this construct contains the
11 cluster mutations and none of the noncluster mutations
(Figure 1C). The reverse construct PR20"'?* consists of only
the eight noncluster mutations and no cluster mutations, as all
of the PR20 clusters are substituted with PR clusters (Figure
1C). When expressed as a precursor, each construct is
designated with TFR preceding the name of the protease
construct.

Effect of Substituting All Clusters into a Mature
Protease: Properties of PRPR20'23 and PR20PR123,
Autoproteolysis. The wild-type protease catalyzes its own
cleavage at four specific sites (LS/W6, L33/E34, L63/164,
and L90/I91) in the absence of added substrate or
inhibitor.””*****! Autoproteolysis also occurs, although at a
reduced rate, in the pseudo-wild-type protease (PR) designed
with mutations Q7K, L33I, and L63I to restrict autoproteolysis
and permit reliable kinetic and biophysical studies. As an
optimal length of seven residues is required for binding
specificity and cleavage of substrates,”” we chose the clusters to
match the sequence spanning four residues on either side of the
cleavage sites (Figure 1B, red bars).

In stark contrast to PR, PR20 shows no degradation products
for as long as 115 h at pH S and room temperature (Figure
$1).° The time course of autoproteolysis of PRP*2*12 and

PR20"%'* was monitored over 96 h by activity assays (Figure
2A,B), and the appearance of degradation products was
followed by SDS—PAGE (Figure 2C,D). The catalytic activity
of PRPR20123 ¢ virtually unchanged even after 96 h, similar to
that of PR20,”® whereas the activity of PR20™1% is reduced by
~50% after 48 h, similar to that of PR, and continues to
decrease at longer incubation times. Thus, substituting the
three clusters reverses their susceptibility to autoproteolysis
such that autoproteolysis of PR™2%!123 and PR20”*'* occurs at
a rate similar to that of PR20 and PR, respectively (compare
with Figure S1).20%

Dimer Dissociation Constant and Conformational Stabil-
ity. Kgme: increases >30- and >26-fold for PRP®*!2 and
PR20OT® 123 respectively, relative to that of PR, shifting the
equilibrium in favor of dissociation (Table 1 and Figures S1 and
S2). This indicates that either the 11 cluster mutations or 8
noncluster mutations in the PR backbone exert an approx-
imately equal effect with Ky, values of ~0.17 and ~0.13 uM
for PRP%123 and PR20PM'?, respectively. Interestingly, all 19
mutations in PR20 exert a much smaller increase of only ~6-
fold, relative to that of PR (<0.005 M), indicating a concerted
role in the selection of cluster and noncluster mutations in
defining Ky er-

The T,, (71.7 °C) of PR20 is 6 °C higher than for PR,***
indicative of a more stable fold (Figure S1, Table 1, and Figure
S2). Substituted clusters of PR20 in PR increase the T,
minimally by ~1 °C, whereas substituted clusters of PR in
PR20 decrease the T, by ~10 °C. These observations suggest
that the eight mutations outside of the clusters, together with
the 11 clustered mutations in PR20, contribute to its T, being
higher than that of PR. There appears to be no direct
relationship between Ky, and overall stability of the fold as
monitored by Ti,.

Kinetic Parameters. The K of PR20 for binding of the
chromogenic substrate is ~13-fold higher than that of PR.
Thus, replacing PR clusters with PR20 (PR"®**'?*) increases
the K, for which only a lower limit of ~1 mM could be
estimated (Figure S3, Table 1, and Figure S2). The latter value
indicates >20-fold weaker substrate binding as a result of
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Figure 3. Processing of AGag by the protease. Schematic representation of the sequential cleavages of AGag with the order of cleavage (blue),
cleavage-site positions, and calculated molecular weight (in kDa) of the products indicated. The four bottom panels show the time course of
processing of AGag by mature protease monitored by SDS—PAGE on 18% Tris-glycine gels. Reaction mixtures contained 50 uM AGag and either
0.5 uM PR or 1 uM PR20"*'23 PR20, and PR™*?*'2 a5 indicated. Cleavage of full-length 48.4 kDa AGag between SP1 and NC (step 1) yields MA-
CA-SP1 and NC, followed by cleavage between MA and CA (step 2) to generate the mature MA and the intermediate CA-SP1. The spacer
polypeptide SP1 is cleaved subsequently (step 3) from the C-terminus of CA-SP1, some of which is still detectable just above mature CA at up to
180 min. No full-length AGag remains after reaction for 20 min with PR at half the concentration of the other three constructs, and no MA-CA-SP1
is detectable after 35 min. SP1, because of its small size, is predicted to have run out of the gel. A faint band between the MA-CA-SP1 and CA-SP1
bands corresponds to CA-SP1-NC formed by a minor MA/CA cleavage pathway.

introduction of the three PR20 clusters. Conversely, the
introduction of PR clusters in the PR20 template decreases
K, and restores k./K, for PR20"®'* by ~4-fold. These
observations indicate that the 11 mutations in the three clusters
of PR20 are primarily responsible for the lower catalytic
efficiency of PR20. The eight remaining mutations outside of
the clusters in PR20 contribute to its lower catalytic activity
relative to that of PR by a factor of ~3 [compare PR20"*'
with PR (Table 1 and Figure S2)].

Inhibitor Binding and Drug Resistance. PR20 contains nine
mutations associated with resistance to currently used clinical
protease inhibitors (Figure 1B, red asterisks), five in clusters 1
and 3 and four outside the clusters, two of which are located in
the flaps (Figure 1). Values of K; for the binding of darunavir,
saquinavir, and reduced peptide bond inhibitor are listed in
Table 1 and shown in Figure S2. Inhibitor dissociation
constants (1/K i ocaions €quivalent to K; for competitive
inhibitors) were measured by ITC (Figure S4) or by kinetic
methods (see Materials and Methods and Figure SS). For the
sake of consistency, K; is used throughout the text, and the
method for each determination is identified in Table 1. PR20
clusters in PR (PR"®*!2%) decrease its affinity for darunavir
(increase in K;) by ~500-fold. This trend is the same but
significantly smaller than the ~4000-fold difference in K; for
PR20 relative to that of PR, due to additional effects of
noncluster mutations, three of which are known darunavir
resistance mutations (I147V, 154L, and 184V). Three mutations
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in PR20 are associated with resistance to saquinavir (IS4L,
184V, and L90M). The K; for saquinavir is increased by ~3000-
fold for PR20 relative to that of PR. However, this K; is
increased by only 120-fold for the LOOM mutation in PR"0123
lacking the two noncluster drug resistance mutations in PR20
associated with both darunavir and saquinavir resistance.

Substitution of PR clusters in PR20X!% decreases K,
consistent with tighter binding of darunavir (~4-fold) and
saquinavir (~19-fold). The weaker effects on inhibitor binding
with PR clusters in PR20, relative to PR20 clusters in PR,
indicate that noncluster drug resistance mutations in PR20,
namely, IS4L and 184V, partially offset the effect of the PR
clusters. In contrast, the K; for the reduced peptide bond
inhibitor, a substrate analogue based on the capsid/SP1
cleavage site in Gag, is increased by only ~20-fold relative to
that of PR, comparable to the increase in K, for the
chromogenic substrate.

The difference (AT,,) between the T, values in the presence
and absence of an inhibitor provides a semiquantitative
assessment of the relative strength of inhibitor binding.*®
Thus, DSC (Table 1 and Figure S1E,F) was used to
complement ITC and kinetic data for darunavir and saquinavir
binding. Larger AT, values correlate with stronger inhibitor
binding affinity (Table 1 and Figure S2) as observed for PR
relative to PRP*%123 (AT, increased by 10.9 °C for darunavir
and 11.2 °C for saquinavir). Similarly, PR20 exhibits AT,
values upon binding of darunavir or saquinavir that are 9—11
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Construct (#) Cluster Expression Autoprocessing
1 2 3
TFR-PR - - - yes yes
TFR-PRPRZ07123 (1) + + + yes yes
TFR-PRPR20-1 (2) + - - yes yes
TFR-PRFRZ0-2 - + - no
TFR-PR"R20712 + + - no
TFR-PR7R?073 (3) - - + yes very slow
TFR-PR20 - - yes yes
TFR-PR20FR-123 (4) + + + yes yes
TFR-PR20FPR-23 (5) - + + yes yes
TFR-PR20°R™13 (6) + - + yes yes
TFR-PR20FR™12 (7) + + - yes slower than #3
TFR-PR20PR"1 (8) + - - es es
PR-2 y y
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Figure 4. Expression and autoprocessing of TFR-PR precursors. (A) Identification of precursor constructs shown in panels B—L Individual clusters
and various combinations are shown with PR clusters in black and PR20 clusters in blue. (B—D) Expression and autoprocessing of precursor
constructs containing one or more substituted clusters. Total cell extracts were analyzed by SDS—PAGE. Numbers above the lanes correspond to the
designated construct shown in panel A, and lanes indicated by minus (—) and plus (+) represent total extracts of uninduced and induced cultures,
respectively. (E—I) Time course of N-terminal autoprocessing of purified precursors in vitro. (F and I) TFR-PR"?%3 and TFR-PR20"*"'* exhibit very
slow or no discernible autoprocessing, respectively, as indicated in panel A. (J and K) Inhibition of autoprocessing of TFR-PR"®**'%* and TFR-
PR20"*!® conducted for 60 min in the presence of increasing concentrations of saquinavir. (L) Time course of autoproteolysis of mature PR20"*'2,
Lowercase letters a—d and p indicate full-length precursor, an intermediate cleavage product of TFR-PR, TFR’™%-PR (cleavage occurs between
residues 8 and 9 of TFR), mature PR, TFR, and products of mature PR autoproteolysis, respectively. The pathway to release the minor intermediate
product TFR?™¢-PR precedes the cleavage at the N-terminus of PR. We have shown previously that this cleavage is pH-dependent and becomes
pronounced at pH 4.° M denotes molecular weight markers in kilodaltons. SQV denotes saquinavir.

°C smaller than those of PR20"®'?®  consistent with their K;
values. Thus, the three clustered mutations together contribute
significantly to the drug resistance of PR20.

Order of Cleavage and Rate of Gag Polyprotein
Processing. Gag processing occurs by an ordered sequence of
steps as shown schematically in Figure 3." To verify if the
kinetic parameters estimated using synthetic peptide substrates
reflect the rates and order of cleavage of the native Gag
precursor, a truncated recombinant Gag lacking the SP2 and p6
domains (AGag) and encompassing three protease cleavage
sites was used as a substrate to evaluate processing catalyzed by
PR, PR20, PRP®123 and PR20P%'2, The time course for the
disappearance of full-length AGag and the appearance of
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products matrix (MA), capsid (CA), and nucleocapsid (NC)
was followed by SDS—PAGE (Figure 3, four gel panels). In
spite of the differences in Ky, and kinetic parameters
observed for mature PR, PR20, and constructs bearing the
three sets of cluster mutations, the order in which Gag
cleavages occur is clearly the same for all four enzymes. The
apparent rates of cleavage do not differ widely, being
approximately 1.5—2-fold slower with PR20 than with PR,
consistent with ~3—4-fold lower enzymatic activity when
taking into account the fact that concentrations of PR20,
PR3 and PR20P%'? used are 2 times higher than that of
PR. This contrasts with the ~10-fold difference in catalytic
efficiency between mature PR and PR20 when assayed with the
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chromogenic substrate and the ~14—35-fold differences for
cleavage of short (10-mer) peptides with sequences corre-
sponding to the SP1/NC, MA/CA, and CA/SP1 sites.”® Rates
of Gag cleavage catalyzed by PR20™'* are comparable to
those of PR20, suggesting that the PR clusters have little effect
on the catalytic efficiency of PR20 for Gag cleavages. In
contrast, substitution of PR20 clusters in PR decreases the
cleavage rates by ~50% relative to that of PR20. This suggests
that the PR20 cluster mutations, along with the eight
noncluster mutations, contribute to the slightly slower rate of
Gag processing by PR20 relative to that of PR.

The relative rates listed in Table 1 (and shown in Figure S2)
are based on the first cleavage (SP1/NC). We note that even
though the rate of cleavage of the SP1/NC site mediated by
PR20%12 s slower than that for PR20, comparison of the
relative ratios of CA—SP1 and CA products indicates slightly
faster cleavage of this site when PR clusters are introduced into
PR20. The ~2-fold slower rate of SP1/NC cleavage by
PR20"®'% does not lead to a corresponding slowing of the
cleavage at the CA/SP1 site, the ratios of CA—SP1 and CA
being roughly the same.

Effect of Substituting Cluster Mutations on Autopro-
cessing. Similar to the parent precursor TFR-PR and the drug
resistant precursor TFR-PR20, the mutant TER-PRPR20-123
precursor bearing the three clusters of PR20, accounting for
11 of the 19 mutations present in PR20, and the reverse
construct TFR-PR20"®'* bearing only the eight remaining
mutations outside the clusters undergo efficient autoprocessing
in E. coli to release mature PR (Figure 4A,B, black arrows).
Thus, substituting the clusters collectively does not adversely
affect autoprocessing of this model precursor.

We also analyzed a series of precursor constructs containing
either single or dual cluster mutations as listed in Figure 4A. Of
10 such mutant precursor constructs, seven showed expression
and three failed to express. Of the seven clones showing
expression, the precursor invariably accumulated in two as
shown by analysis of total extracts by SDS—PAGE [Figure 4C
(construct 3) and Figure 4D (construct 7), red arrows]. Thus,
to obtain a more accurate assessment of relative rates of
autoprocessing, we isolated six precursor proteins, including
constructs TFR-PRPR2%123 (construct 1) and TER-PR20P®!%
(construct 4). Precursors were subjected to autoprocessing in
vitro (Figure 4E—I) and the results compared to previously
published results on TFR-PR** and TFR-PR20.”* Note that
when the total extract (Figure 4C,D) is monitored, the mature
PR product derived by autoprocessing of TFR-PRPR20-
(construct 2), TFR-PR20™%2® (construct 5), and TER-
PR20™®" (construct 6) during expression in E. coli is only
weakly visible (indicated by black arrows) because of
autoproteolysis of the corresponding released mature PR, in
contrast to TER-PRP®%3 (construct 3) and TFR-PR20*R!
(construct 7) precursors. Autoprocessing of precursors
(constructs 2, S, and 6) during expression was verified by
isolating the accumulated protein in inclusion bodies using
established protocols™ and subjecting them to SDS—PAGE
and ESI-MS, showing the presence of the released mature PR.

At pH >S5, TFR-PR undergoes maturation in a single step via
cleavage at the N-terminus of PR (TFR/PR site) concomitant
with the appearance of the products, TFR and PR, and mature-
like catalytic activity.”> Similarly, as shown in panels E and G of
Figure 4, both precursors bearing three cluster substitutions,
TER-PR"®*'2 and TFR-PR20"*'*, upon folding undergo
rapid autoprocessing at the N-terminus of PR with more than
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half of the full-length protein converted to products in ~10
min. This pattern of cleavage is clearly evident for TFR-
PR3 [Figure 4E, products ¢ (PR) and d (TFR)] as the
cluster mutations restrict the autoproteolysis of the released PR,
in contrast to TFR-PR20™*, which shows products (denoted
by p) of autoproteolysis consistent with the results shown in
Figure 2 for the cluster mutants of mature proteases. The rates
of autoprocessing of TFR-PR™*1% and TFR-PR20"™'* are
similar to that of the wild-type construct, TFR-PR.**> Although
the TFR-PR20 precursor could not be isolated in quantities
that are adequate for in vitro studies, even in the presence of
150 uM darunavir, a small amount of TFR-PR20™! could be
isolated, permitting its analysis (Figure 4H). The rate of
autoprocessing of TFR-PR20™"! is similar to that of TFR-
PR20"®'% and TFR-PR"*'%, In contrast, autoprocessing of
the two constructs, TFR-PR™*3 (Figure 4F) and TFR-
PR20P®'? (Figure 41), is significantly compromised, with only
50% of the former converted to products in 24 h and no visible
products observed for the latter after 24 h. Interestingly, both
precursors bear the same combination of PR clusters (1 and 2)
with PR20 cluster 3 and differ only in the eight substitution
mutations present in the PR20 template (see Figures 1B,C and
4A).

Comparison of the Rate of Autoprocessing with the
Catalytic Efficiency of the Mature Protease. We next
addressed the question of whether there is a correlation
between N-terminal autoprocessing of the precursors and the
properties of the mature proteases. We therefore compared the
two precursors that are defective in autoprocessing (TFR-
PR"™%3 and TFR-PR20"'?) with their corresponding mature
enzymes. As mature PR20"*!? exhibits irreproducible kinetics
with the chromogenic substrate, we monitored its intrinsic
autoproteolysis as an alternative measure of its catalytic
efficiency. Surprisingly, this trend resembles that of its closest
parent PR20™'* (compare Figure 4L with Figure 2D).
Accurate determination of Ky, was not possible, because its
observed catalytic activity with the chromogenic substrate
decreases with an increasing enzyme concentration, likely
related to rapid autoproteolysis even in the presence of
substrate. In contrast, PR™2%3, which perturbs autoprocessing
by >150-fold, is a catalytically competent dimer with a Ky, of
0.67 uM and a favorable k_,/K,, of 0.95 uM~" min™"' (Table 1
and Figure S2). PR”™®3 binds tightly to darunavir (K; < 1 nM)
as well as to the substrate analogue/reduced peptide bond
inhibitor with a K; of ~11 nM, ~5-fold better than that of PR.
Thus, there is no clear correlation between defective
autoprocessing and the catalytic activity of the mature protease.
Further, K. values for the mature proteases do not
consistently correlate with rates of precursor autoprocessing.
As an example, the Ky .. values for the corresponding mature
proteases PR™*! and PR"™%3 (Table 1 and Figure S2) are
very similar; TFR-PR™%! autoprocesses efficiently at a rate
comparable to that of TFR-PR™'23 while TFR-PR"**** does
so only extremely slowly (Figure 4F).

Tertiary Fold of Cluster Mutants Defective in
Autoprocessing. The folding/dimerization potential of
mature PR20"*'? was further verified by acquiring a 'H—""N
correlation NMR spectrum and comparing this to that of
PR"™?%3 (Figure S6). Acquiring a spectrum of inhibitor-free
PR20™" was not feasible because of rapid degradation
resulting in signals corresponding to only fragments of the
protease (Figure S6B, inset lane C) in a narrow region of the
spectrum. However, the spectra of PR™?*® and PR20™*'?
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folded in the presence of the symmetric inhibitor DMP323**
are well-resolved and characteristic of the folded dimer (Figure
S6A,B). Additional cross-peaks are observed for PR20°%'?
because of the presence of some unbound form of the dimer
as a result of weak DMP323 binding.

Inhibition of Autoprocessing of Cluster Mutants by
Saquinavir. We had previously shown that the two most
potent inhibitors of autoprocessing of TFR-PR precursor are
darunavir and saquinavir with ICy, values of 1-2 uM.”* Here
we used saquinavir because of its better solubility under the
experimental conditions employed. Inhibition of the TFR-PR20
precursor could not be studied in vitro because protease
inhibitor added to the culture medium during expression does
not block autoprocessing, making its isolation impossible.24
However, isolation of both TFR-PRPR?*123 and TER-PR20PR123
was possible. On the basis of dose—response experiments, ICs
values were estimated to be >15 uM for the inhibition of
autoprocessing of both precursors by saquinavir (Figure 4],K).
This value is >300-fold higher than for the inhibition of the
corresponding mature enzymes by saquinavir (Table 1 and
Figure S2). The 10-fold improved binding of saquinavir to
TER-PR"®*!2 and TFR-PR20"*'* precursors, relative to
TER-PR20 (ICq, > 150 uM**), suggests that both cluster and
noncluster residues play a collective role in defining saquinavir
binding to the precursor.

B DISCUSSION

PR20 presents an excellent example for evaluating the
interrelationships among kinetic parameters (k, K, and K;),
Kgimen and the conformational stability of mature PR as it
evolves under drug pressure and how these properties relate to
N-terminal autoprocessing and autoproteolysis. The latter two
events define the spatiotemporal regulation of protease activity
late in the HIV-1 replication cycle. Our studies indicate that
selected mutations within three clusters, defined by their
proximity to sites of autoproteolysis, and outside the clusters
exert a cumulative effect on the kinetic parameters of the
mature PR.

Vltallt}’ (V) deﬁned as V= [(I<ikcat/-Km)mutant/(Kikcat/Km)PR]
is a measure of the enzymatic fitness of the mature PR as it
evolves in the presence of a given inhibitor.”> By definition,
vitality is 1 for PR, the surrogate of the wild-type protease. In
spite of substantial variations in k./K,, for the set of cluster
mutants presented here, vitality scores (Table 1 and Figure S2)
in the presence of darunavir increase in the order PR (1) <
PRPIB (37) < PR20™™'* (358) < PR20 (39S), roughly
paralleling the increase in K; for darunavir inhibition and
consistent with the importance of selection for drug resistance
in the evolution of these mutants. A similar trend is observed
with the inhibitor saquinavir with vitality scores in the following
order: PR (1) < PRP®*!3 (9) < PR20"®'* (64) < PR20
(320).

Regardless of the large differences observed in kinetic
parameters and Ky, relative to those of PR, the rates of
processing of Gag for PR20 and the cluster mutants PR™2%123
and PR20™'2 differ by 4—8-fold, but display no alteration in
cleavage order with cleavage at the SP1/NC junction occurring
first, followed by MA/CA and CA/SP1. Thus, monitoring the
rate of Gag processing may represent a more realistic approach
than using synthetic peptide substrates to assess the
competence of drug resistant mutants because an ~10-fold
decrease in catalytic efficiency (ko/K,,) for cleaving the
chromogenic substrate (analogue of CA/SP1 site) and an
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~35-fold decrease in k./K, for cleaving an unmodified
decapeptide spanning the same site’® correspond to an only
~4-fold decrease in the rate of cleavage of the CA/SP1 site in
Gag mediated by PR20 relative to PR. Similarly, PR20 cleaves
the SP1/NC peptide substrate ~34-fold slower than PR does.
This suggests that slight decreases in Gag processing efficiency
are tolerated to yield viable progeny virus as long as N-terminal
autoprocessing is not impaired, as exemplified by the TFR-
PR20 precursor.

Although we were unable to analyze a complete set of
mutant cluster combinations because of a lack of expression of
some constructs, substitution analysis of nine cluster mutants
reveals important insights into co-selection for optimal
autoprocessing. Substituting all PR20 clusters in PR or vice
versa does not perturb autoprocessing. However, substituting
cluster 3 of PR20 by itself into PR without cosubstituting either
cluster 1 or 2 of PR20 significantly slows autoprocessing. The
decrease is more drastic when PR20 is being reverted with only
clusters 1 and 2 of PR. These results clearly suggest that co-
evolution of cluster and noncluster mutations as well as
coordination of cluster 3 mutations with either cluster 1 or 2 is
required for optimal autoprocessing.

For the mature protease, we find no relationship between
Kgimer and fold stability, as measured by T,. Also, no strict
relationship exists between the estimated Ky, for the mature
PR and N-terminal autoprocessing. A lack of correlation
between autoprocessing of TFR-PR precursors and catalytic
efficiency (ke/Kp,) or Kgimer of mature protease suggests that
different catalytic environments exist for the initial N-terminal
maturation of the precursor and hydrolysis of substrates
mediated by mature protease. This may point to conformations
of the transient TFR-PR dimer that require specific long-range
coordination between residues in clusters 3 collectively selected
with clusters 1 and 2 and differing significantly from the
corresponding mature protease, an effect possibly also related
to the binding of protease inhibitors to precursors that is poorer
by 3—5 orders of magnitude relative to that of mature PR. It is
worth noting that mutations of highly conserved residue G86
or R87* located at the N-terminus of the a-helix and
contiguous to cluster 3 perturb the internally placed C-terminal
strands (residues 96—99) of the dimer interface.”” Both G86A
and R87K mutations drastically affect dimer formation.”” We
have also shown that the C-terminal interface is indispensible
for dimer formation of the mature protease.”*’” In the context
of PR maturation, this feature is particularly important because
prior to cleavage at the N-terminus of PR, the precursor lacks
the characteristic four-stranded f-sheet, because of fraying of
the N-terminal residues when they are flanked by TFR.* Thus,
interactions of the C-terminal strands will be a crucial
requirement for transient dimerization, consistent with the
observation that deletion of residues 96—99 in TFR-PR blocks
N-terminal autoprocessing.”” Overall, these studies imply that
evolution of PR20 under drug pressure modulates its kinetic
parameters and Kg,.., by synchronized selection for mutations
in specific regions to allow N-terminal autoprocessing and
minimally affect the rate and order of cleavage of the Gag
polyprotein by the mature enzyme.
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inhibitor dissociation constant; PDB, Protein Data Bank.
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